Thirteen experiments conducted near Tenby, Dyfed, between 1973 and 1980, examined the effects of seed-tuber weight and within-row spacing on tuber yields of seven potato varieties grown for early production. These data have been used in an attempt to develop an approach to the determination of optimum tuber planting densities in early crops which will provide agronomists with logically applicable principles. Tuber planting densities, which maximized the net crop return (ware value minus seed cost), were estimated for eight ratios of seed cost to ware value ranging from 0-25 to 80. Optimum tuber planting densities decreased with the use of higher ratios of seed cost: ware value and heavier seed, except for ratios of 0-25 and 0-50 applied to yields of tubers > 25 mm harvested in June. In general, later harvesting together with the use of larger riddle sizes give a lower optimum density with ratios < 20. Optimum densities for Red Craigs Royal, Ulster Sceptre and Vanessa were higher than for the other varieties.
INTRODUCTION
Early potatoes are traditionally grown in parts of the UK. where mild, relatively frost-free springs produce crops which can be harvested early (O'Brien & Allen 1975) to command a high price per tonne; subsequently the price tends to fall as yields increase with later harvesting. As the season progresses, the minimum riddle size over which potatoes can be sold may be changed by the Potato Marketing Board depending upon market supplies. While maincrop varieties have recommended optimum tuber densities (M AFF 1985) information available for early varieties is limited. For example, Hessayon & Fenemore (1961) suggested planting about 30 cm apart in narrow rows; Cox (1967) recommended that all apically dominant seed should be spaced 30 cm apart as should multi-sprout seed graded 32-48 mm, while multi-sprout seed graded 48-57 mm should be planted 38 cm apart. In practice, a survey showed that 32% of the early potato acreage was planted < 28 cm apart, 49% was planted 28-36 cm apart and 19% was planted > 36 cm apart (Potato Marketing Board 1970) . The average spacing of seed tubers was 29 cm, but this ranged from 24 cm in South Wales to 33 cm in the Lothians of Scotland. However, these reports merely describe spacings adopted in practice and do not represent any experimental determination of appropriate spacings for particular situations. This paper uses data from seed weight and withinrow spacing experiments of seven varieties to estimate for the first time the optimum tuber planting densities suitable for early crops harvested at different times and with a range of seed costs and ware values.
MATERIALS AND METHODS

Field experiments
Thirteen experiments examining the effects of seedtuber weight and within-row spacing on tuber yields were conducted in a traditional early potato production area at the University College of Wales Field Station, Trefioyne, Tenby on Old Red Sandstone soils of the Pembroke Series using the seven potato cultivars Home Guard, Arran Comet, Red Craigs Royal, Maris Bard, Ulster Sceptre, Vanessa and Desiree. All cultivars were grown in rows 71 cm apart, except for Home Guard which had rows 66 cm apart. All experiments used three seed-tuber weights: a mean of 35 + 3-5 g, a mean of 70 ± 7 g and a mean of 105 ± 10 g. Each seed-tuber weight was planted at five within-row spacings giving, in all cultivars except Home Guard, seed-tuber densities of 47000, 63000, 94000, 141000 and 188000/ha for 35 g seed, 31000, 47000, 70000, 94000 and 117000/ha for 70 g seed tubers and 31000, 47000, 63000, 78000 and 94000/ha for 105 g seed tubers. All seed-tuber weights of Home Guard were planted at seed-tuber densities of 33000, 40000, 50000, 66000 and 100000/ha. In all experiments, the treatments were arranged in a randomized block design with three replicates and where experiments were harvested on more than one occasion harvests were on subplots of a split-plot design with seed-tuber weight and spacing treatments on main plots. Further details of the experiments, including the dates of planting and harvesting and mean total yields, are shown in Table 1 . Rates of application of fertilizer were 170 kg N, 76 kg P and 177 kg K/ha for Desiree and 150 kg N, 65 kg P and 158 kg K/ha for all other cultivars. All plants were harvested with a hand fork, the tubers were hand-graded over square mesh riddles and the number and weight of tubers in from five to eight grades, depending on the experiment and the time of harvesting, were recorded. The riddle sizes used were all Imperial, but varied from one experiment to another; grades had a size differential of either 6 or 12 mm.
Analyses of the data used the technique developed by Travis (1987) to estimate the yields in the current equivalent metric grades. This involved describing for each plot the size distribution of potatoes measured as the weight in discrete grades, by two parameters: the grade size at which there was most yield (/<) and a measure of the spread of yield across size grades (a). In order to estimate /t and cr it was first necessary to carry out a weighting procedure to stabilize the variance in different size grades. Once /i and a had been estimated, it was possible, by using the normal distribution function, to calculate the proportion of yield in any size grade and then from the total yield to estimate the actual yield in those grades. Here the yields > 25, > 30 and > 35 mm were estimated.
Estimation of optimum tuber planting densities
In order to be able to apply the results of the data analysis to a range of economic conditions, models fitted to the data initially took no account of the seed cost :ware value ratio and simply estimated the density at which the yield was maximized. The optima for different seed cost:ware value ratios ranging from 0-25 to 80 were then calculated by adjustment of the fitted parameter values as described below. The net crop return of each treatment was calculated as ware value minus seed cost, using a range of seed costs from £50 per tonne (once-grown seed ) to £400 per tonne (certified seed of a new variety) and a range of ware values from £50 per tonne (oversupplied market) to £600 per tonne (price for earliest harvests). relationships (Wurr et al. 1990 (Wurr et al. , 1992 were fitted between yield (y) and tuber planting density (.v). The effects of the time from planting to harvesting on the parameters of these relationships were examined. In addition for ware > 25 mm, irrespective of when harvested, data were grouped according to cultivar and sprouting technique. The variance of each planting density at which the yield was maximized was estimated using a Taylor series expansion. Optima for different seed costs were then calculated using the same equations as before, but substituting (b -s) for b where . ? was the relative cost of the seed calculated as the seed cost: ware value ratio x the weight of one tuber in tonnes.
RESULTS AND DISCUSSION
Optimum tuber densities
The important feature of this work is that for the first time a logical attempt has been made to determine optimum tuber planting densities for early potato crops. The data are not an ideal set of systematic trials but the analysis techniques used have maximized the information available from them.
Inspection of the data showed that tuber yields varied greatly from one crop to another even within the specific ranges of harvest date previously described. Much of this could be accounted for by differences in the time from planting to harvest and various examples of this can be seen in Figs 1 and 2. These are also quantified in Table 2 , which shows the residual mean squares from fitting successive models for each seed-tuber size to the data for yields > 25, > 30 and > 35 mm harvested respectively before 30 June, from 1 to 14 July and from 15 to 31 July. The c parameter from both the linear and square root models was greatly influenced by the interval from planting to harvest (/) and all subsequent models contain a term c t to account for this. In comparison with the effect on c there was relatively little effect of this time interval on either the a or b parameters. Although the model varying both b and c according to the time from planting to harvesting in some cases had a lower residual mean square than that varying b alone, this was not necessarily a significant improvement in fit and the simpler model was preferred. Overall, the most appropriate model was that varying c y = 5 + bx + C, and this model is used subsequently. However, since the object of these analyses was to determine optimum tuber planting densities using several crops, the absolute level of yield was not important and indeed Fig. 2 shows that over a very wide range of yields from 10 to 50 t/ha, optima did not differ greatly.
Another problem illustrated by these data is that with early experimental harvests it is not possible to determine sensible densities at which yield was maximized because yields continued to rise over the whole range of densities used. This is illustrated in Fig. 1 which shows data for 35 g seed tubers and yield > 25 mm harvested before 30 June. The fitted lines are for the square root curve previously described: with c varied according to the number of days from planting to harvest.
Inevitably, the standard errors of the optima for these early harvests are very large because the fitted optima are at densities considerably greater than the highest planting density used. For crops harvested from 1 to 14 July the errors were still large but for crops harvested from 15 to 31 July they were well within the range of errors from maincrop varieties harvested at maturity (Wurr et al. 1992) . Indeed Table 2 and Fig. 2 (a) show that the model y = ax" b +bx + c, fits data well from 105 g seed tubers and yield > 35 mm harvested from 15-31 July and that the fit was not significantly improved by the model varying both b and c (Fig. 2{b)) . The density at which yield was maximized in Fig. 2{a ) was 81500 while in Fig. 2(b) it was 84300, so differences between the two models were unimportant for estimating optima. The size of the errors found with later harvests suggests that there is nothing inherently more variable about these trials than any others and raises an important question. Do we attempt to show optima for early varieties only from relatively late harvests or do we also present optima for earlier, more relevant harvests knowing that the associated errors are large? Because there are no published recommendations for planting density in early varieties, we have chosen to present the optimum densities estimated from the most appropriate analysis of the available data including information from harvests made over all three periods mentioned here. These at least give the grower some guidance as to what density he should consider for crops which may be harvested over a relatively long period of time.
Using the model described, the densities at which crop yield was maximized and the optima for different ratios of seed cost:ware value were calculated. Existing advice (Hessayon & Fenemore 1961; Cox 1967) did not distinguish between varieties and it therefore seems sensible initially to consider all varieties together. Thus Table 3 shows the planting density at which yield was maximized (seed cost: ware value = 0) and the optimum tuber planting densities for ware > 25, > 30 and > 35 mm, harvested respectively before 30 June, from 1 to 14 July and from 15 to 31 July using data from all crops harvested within the specified time period. Optima are presented separately for each tuber weight and for ratios of seed cost:ware value ranging from 0-25 to 80. Those for 35 g seed tubers lifted before 30 June with seed cost:ware value ratios of 0-25 and 0-50 had optima beyond the range of densities used in the experiments and must therefore be treated with caution.
The data show that optimum densities varied considerably and reveal several important principles which will be relevant in practice. As seed became more expensive relative to ware, so the optimum tuber planting density decreased. Optima also decreased with the use of heavier seed (except for yields in June at seed cost:ware value ratios of 0-25 and 0-50). In general, for all seed-tuber weights at seed cost:ware value ratios of < 20, later harvesting, together with the use of larger riddle sizes, resulted in lower optimum planting densities. These findings are in contrast with those of Bean (1981) , who showed that the optimum seed rate for Home Guard increased with later harvesting, although he made comparisons at a constant riddle size and his harvesting started earlier than here. Certainly our data show that for 2 0000 10000 Fig. 3 . Three-dimensional diagrams showing the net returns (ware value minus seed cost) at the optimum seed-tuber planting density for nine seed-tuber weight and ware grade/harvest date combinations.
seed cost:ware value ratios ^ 20, harvesting from 1 to 14 July had a slightly higher optimum tuber planting density than harvesting in June, but any further changes in optimum tuber planting density for harvests made from 15 to 31 July were negligible. Figure 3 presents three-dimensional diagrams showing the net returns of ware value minus seed cost at the optimum density for a range of seed costs from £50 to £400/t and ware values from £50 to £600/t. Returns are presented for all nine seed-tuber weight and ware grade/harvest date combinations. The diagrams show that returns increased with increasing ware value but were hardly affected by seed cost. Effects of seed weight were not large and as all seedtuber weights were planted into the same depth of furrow, the heavier seed tubers were effectively planted more shallowly than the lighter seed tubers. This may have affected early growth and contributed to the small advantage of heavy seed . In general, net returns increased with the use of heavier seed tubers and, on average, returns from using 105 g seed tubers were 19% higher than from using 35 g seed tubers. This agrees with the statement of Scott & Younger (1972) that large seed was most valuable to early growers because of the early yield advantage that it conferred. They were referring to equal numbers of seed tubers of different sizes, whereas our data show that when each seed-tuber weight is planted at its own optimum density there is an advantage in using large seed tubers. This provides limited support for the commonly held belief that large seed tubers are necessary for early crops, which Bean (1981) pointed out was not justified in the literature. Returns also increased with later harvesting, although in practice ware values would almost certainly have dropped over the same period. Table 3 presents data derived from all seven cultivars, yet it may be unrealistic to group them all together since they can produce different numbers of daughter tubers. Accordingly, analyses were confined to tubers > 25 mm, irrespective of when harvested, using data from all available crops. The linear and square root models previously described were fitted to the data, varying c according to the time from planting to harvest and in the square root model varying both a and b according to cultivar grouping. The cultivars were put into the following two groups on the basis of the mean number of tubers/ha that they produced: (i) Red Craigs Royal, Ulster Sceptre and Vanessa (producing respectively 282 + 20-4, 483 ±30-8 and 427 + 21-6 thousand tubers/ha) and (ii) Maris Bard, densities (Table 5 ) using the range of seed cost: ware value ratios previously described. As in Table 3 , a higher ratio of seed cost:ware value gave lower optimum planting densities, while heavier seed tubers gave lower optimum planting densities, except at seed cost:ware value ratios of 0-25 and 0-50. The cultivar group containing Red Craigs Royal, Ulster Sceptre and Vanessa required a higher planting density than the other group. Although from a competitive point of view this might be expected, since these cultivars produced fewer daughter tubers than the other cultivars, it is a useful practical result which provides growers with a novel principle that they can apply to their crops.
Optimum tuber densities for grouped data
Models were also fitted separating Maris Bard and Arran Comet from the other cultivars on the basis that these two cultivars now make up the bulk of the early crop acreage and may therefore have a distinct response. However, there was no significant improvement in the fit of the model, suggesting that these cultivars did not have a separate density response.
Using data on tubers > 25 mm from all crops, irrespective of when harvested, models were fitted varying parameters according to sprouting technique, but there was no significant improvement in fit.
Conclusions
These analyses show how, in principle, the optimum tuber planting density is affected by seed cost, ware value, seed weight, time of lifting and variety. The errors associated with analyses of data of this type are inevitably large, but at least the results give a grower some quantitative advice where none existed before. The choice of tuber planting density appears complex, yet may be simplified by considering the production system logically. A grower will have decided which type of seed to buy and therefore how much it will cost. He will have a target harvesting date and ware value and can thus select the appropriate tuber planting density according to the variety and tuber count (number of seed tubers/50 kg) of his seed batch. Such a course of action, based on the analysis of many experiments, provides the first attempt at a logical basis for selecting seed-tuber planting densities for early crops and is an advance on the limited information hitherto available. If new experimental work were to be carried out on a more systematic basis, it might be possible to provide a wider range of recommendations for optimum densities, although it is unlikely that the associated errors would be appreciably smaller than those here and difficulties would still be experienced with recommendations for early harvests.
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